One of the most fundamental challenges in developmental neurobiology is to define molecular mechanisms regulating innervation of target cells by appropriate nerve fibers. Multiple factors such as the relative positions of developing neurons in embryos, activity-dependent and -independent mechanisms, and diffusible molecules secreted from targets all participate in regulating formation of neural connections during development (1) (2) (3) . Moreover, a recent review emphasizes the importance of growth cone responses to either chemoattractants or chemorepellents, which affect growth cone navigation and neural connectivity (4) . During early embryonic development, neuronal precursor cells in brain express neurotransmitter phenotypes before the cells reach their destinations or form synapses (5) (6) (7) (8) . Furthermore, neurotransmitters influence neuronal outgrowth and development in several model systems (9) (10) (11) (12) (13) (16, 17) . To screen transgenic animals, a 0.45-kb fragment (EcoRI/Xho I) of hTH cDNA was used as a probe and the expected fragment was confirmed by Southern blot hybridization.
TH Activity Measurement. PGs were homogenized in 180 tjl of 5 mM potassium phosphate buffer (pH 7.0) containing 0.2% Triton X-100 and centrifuged at 16,000 x g for 10 min. TH activity was determined radioenzymatically as described (18) . Briefly, supernatants (100 pJl) were added to an assay mixture containing 15 ,tl of 1 M sodium acetate buffer (pH 5.8), 8.5 tl of L-tyrosine (7.5 nmol) containing L-[14C(U)]tyrosine (0.5 nmol; 0.5 ,CXi; 1 Ci = 37 GBq), 10 ,tl of 15 mM 6-methyltetrahydropteridine in 420 mM 2-mercaptoethanol, 2 1ul of catalase (1000 units; Boehringer Mannheim), and 14.5 .l of H20 and incubated at 30°C for 20 min. The rest of the assay was carried out as described (18) . Protein istry was performed using an avidin/biotin/peroxidase (ABC; Vectastain) method (20) . Briefly, sections on slides were incubated with either preimmune serum or TH antibody overnight (1:10,000 dilution), biotinylated goat anti-rabbit IgG for 1 h (1:200 dilution), and ABC for 1 h in a humidified chamber. Sections were washed with 0.1 M phosphatebuffered saline containing 0.5% bovine serum albumin (PBS-BSA) between steps. The antigen-antibody complexes were visualized by incubation for 5 min in 0.05% 3,3'-diaminobenzidine and 0.003% H202.
Electron Microscopic Immunocytochemistry. Animals were perfused transcardially rapidly with 3% acrolein/2% paraformaldehyde mixture in 0.1 M PB followed by 2% paraformaldehyde. The PGs were dissected out and sectioned at a thickness of 40 ,um with a Vibratome. Sections were immersed in 1% sodium borohydride for 30 min, rinsed with 0.1 M PB, and processed for TH immunocytochemistry as described above. Electron microscopic procedures were as described (21) . Briefly, sections were incubated for 1 h in 2% osmium tetroxide in 0.1 M PB, counterstained with uranyl acetate, dehydrated using ethanol, flat embedded in Epon 812 using fluoroplastic coverslips, and then reembedded in Beem capsules. Ultrathin sections were viewed under a JEOL 1200X electron microscope after counterstaining with lead citrate.
Nerve Growth Factor (NGF) Quantification. The amount of NGF in PGs was quantitated by the two-site enzyme immunoassay as described (22) . Anti-NGF antibody and anti-NGF /3-galactosidase antibody were obtained from Boehringer Mannheim, and the assay was carried out according to the instructions provided by the manufacturer. Six PGs from age-matched transgenic and control animals were pooled, homogenized in 150 1l of extraction buffer, and centrifuged at 100,000 x g for 10 min. Supernatant was mixed with a solution containing 0.2% Triton X-100 and 20 mM CaC12 (1:1). The assays were performed in duplicate using 100 ,ul of supernatant, and NGF concentrations were determined using mouse NGF standards (Collaborative Biomedical Product).
RESULTS
hTH cDNA (15) (Fig. 3C) , moderate in TPHTH-7 (Fig. 3E) , but weak and patchy in TPHTH-10 ( Fig. 3G) . Thus, the TH enzymatic activity measured for each of the three transgenic lines directly correlated with the degree of TH immunoreactivity in the respective PG.
TH immunoreactivity from control PGs was confined to the thick and varicose sympathetic fibers (Fig. 3A) originating from the SCG (23) . No visible TH-positive fibers were detected in the control PG when treated with rabbit preimmune serum ( Fig. 3 I and J) . In contrast, in transgenic PGs, the immunoreactivity was intense and diffuse, consistent with the presence of TH in the cytoplasm of pinealocytes ( Fig. 3C and E). To confirm this observation and localize TH expression at the subcellular level, we prepared sections of PG from the TPHTH-1 line and the control for electron microscopy. TH immunoreactivity was clearly present in the cytoplasm of transgenic pinealocytes (Fig. 4B) . In the control PGs, TH immunoreactivity was confined to axonal processes, presumably of the sympathetic fibers, and absent from pinealocytes (Fig. 4A) (Fig. 3D) . Furthermore, the degree of TH-positive fiber innervation of transgenic PGs was inversely related to TH activity (and, presumably, levels of dopamine) in the three transgenic lines. The drastic reduction of TH-positive fibers occurred consistently in all adult TPHTH-1 animals. In animals that express a moderate level of TH (TPHTH-7), the degree of reduction in fiber innervation was less pronounced compared to TPHTH-1 (Fig. 3F) . animals, which have the lowest level of TH, did not differ from the control in the degree of TH-positive fiber innervation (Fig. 3H) .
Electron microscopic analysis confirmed that fewer THpositive axons were present in the transgenic PGs (TPHTH-1 line) when compared to the controls (Fig. 4) . To (24, 25) , the contribution by the peripheral origin was assessed by subjecting two adult control mice to bilateral superior cervical ganglionectomy. Two weeks after the surgery, the TH-immunoreactive fibers in the superficial PG were drastically reduced (data not shown), strongly suggesting that most, if not all, TH-positive fibers in the PG arise from the SCG.
Since the fibers originating from the SCG are NGF responsive (26, 27) , and immunohistochemical localization and biochemical identification of NGF in rat PG have been demonstrated (28, 29) , we tested whether altered NGF production in the transgenic PGs might account for the observed decrease in TH-positive fibers originating from SCGs. The amount of NGF was quantitated by an enzyme-linked immunoassay. The PGs from six control and six transgenic animals were pooled, and the concentrations of NGF were 0.36 and 0.40 ng/ml, respectively. Thus, the absence of any substantial change in NGF production suggests that the decrease in sympathetic innervation in the transgenic-PGs occurs in a NGFindependent manner.
DISCUSSION
By ectopically expressing TH in the PG, we generated transgenic mice in which pinealocytes that normally produced only serotonin and melatonin also produced dopamine. These animals expressed TH in the cytoplasm of pinealocytes, showed higher levels of TH enzymatic activity than controls, and synthesized dopamine de novo. The number of THpositive fibers originating from the SCG was profoundly reduced in the PG of transgenic animals, even though the amount of NGF produced did not differ when compared to controls.
Projecting neurons and target cells communicate either by physical contact or by diffusible signals to achieve specificity in neural connection (2, 13) . A similar pattern of TH-positive fiber reduction, although not as pronounced, was observed in younger TPHTH-1 PGs (postnatal day 6; data not shown). Since the ingrowth of sympathetic fibers from the SCG to the PG occurs during the first week of postnatal life and reaches adult levels 3-4 weeks after birth (30) Reduced sympathetic innervation in the PG has been reported in other studies (31) (32) (33) . Mice bearing a null mutation of the low-affinity NGF receptor (p75) lacked sympathetic innervation to PG selectively (31) , and these mice showed decreased sensitivity to NGF in sympathetic neurons (32) . In the second study, aberrant expression of NGF in transgenic sympathetic ganglion elicited excessive neurite outgrowth from ganglia but decreased innervation within targets. The reduced target innervation was due to disruption of the NGF gradient between the projecting and target neurons and restoring this gradient augmented target innervation (33 ing TH in the PG diminishes its sympathetic innervation through a catecholamine (possibly dopamine)-mediated mechanism.
The present results may bear on recent data on the mechanisms of axonal guidance (4) . There are families of several diffusible molecules, such as semaphorines (34, 35) and netrins (36) (37) (38) Whether expression of other neurotransmitters (i.e., y-aminobutyric acid, glutamate, or acetylcholine) in PG will also result in TH-positive fiber reduction remains to be determined. In addition, we need to further address whether the production of dopamine in the PG reduces TH protein in the innervating SCG fibers or alters the phenotype of these fibers.
The present study demonstrates that alteration of the neurotransmitter phenotype of a target cell decreases its afferent innervation. The results support the proposal that neurotransmitter phenotype influences the formation of neural connection during development.
